Several motility disorders are associated with disruption of interstitial cells of Cajal (ICC), which provide important functions, such as pacemaker activity, mediation of neural inputs and responses to stretch in the gastrointestinal (GI) tract. Restoration of ICC networks may be therapeutic for GI motor disorders. Recent reports have suggested that Kit + cells can be restored to the GI tract via bone marrow (BM) transplantation. We tested whether BM derived cells can lead to generation of functional activity in intestines naturally lacking ICC.
Introduction
Loss of interstitial cells of Cajal (ICC) or disruption of ICC networks have been implicated in a variety of GI motility disorders including achalasia, 1 slow transit constipation, 2 intestinal pseudoobstruction, 3 Crohn's disease, 4 inflammation 5 and diabetic gastroparesis. 6, 7 Although ICC defects have been associated with these disorders, there have been few studies to determine whether ICC can be made to repopulate gastrointestinal (GI) muscles with the goal of recovering normal motor activity. ICC arise from mesenchymal precursors, 8, 9 however the mechanisms of post-natal ICC turnover and maintenance of ICC populations remain unclear. In animal models ICC have been shown to redifferentiate toward a smooth muscle phenotype following a GI insult. 10, 11 It has also been reported that ICC can undergo mitosis and/or apoptosis to regulate cell numbers during normal homeostasis. 12 Others have suggested the presence of a stem cell population that is capable of regeneration of ICC. 13 In neonatal tissues ICC demonstrate remarkable plasticity and capacity for regeneration as normal networks and functionality can be re-established after Kit signaling is blocked and ICC networks are disrupted. 14 In some instances regeneration has also been demonstrated in adult muscles after pathophysiological conditions have caused disruption of ICC networks, 15, 16 however how this happens and whether it is a generalized capability of ICC in adult animals is not clear. Bone marrow (BM) derived stem cells offer a promising source of pluripotent regenerative cells which might provide a mechanism of ICC regeneration, and mesenchymal stem cells have been shown to repopulate cardiac, 17, 18 hepatic, 19, 20 pancreatic 21 and lung 22 tissues after BM transplantation. Recently, Kit + BM derived cells have been shown to repopulate the small intestine in response to intestinal injury 23 and BM transplantation has been reported to increase GI transit in W/W V mice in which specific populations of ICC fail to develop and pacemaker activity is compromised. 24 These findings suggest that BM transplantation may provide therapeutic interventions in patients with ICC loss and dysmotility. We investigated whether BM transplantation from mice with normal ICC networks and pacemaker activity would allow development of: (1) 
M aterials and M ethods

Animals
Animals used for these studies were maintained and the experiments performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. The Institutional Animal Use and Care Committee at the University of Nevada approved all procedures used.
Bone Marrow Cell Preparation
BM was isolated as previously described. 25 Briefly, donor C57BL/6 (Jackson Laboratory, Bar Harbor, MN, USA) and Kit +/copGFP (Generated at the University of Nevada, Reno, USA) animals were euthanized via administration of CO 2 . The spine, fibulae and tibiae were removed to phosphate buffered saline (PBS) containing 1% anitibiotic-antimycotic (Gibco, Grand Island, NY, USA). Bone marrow cell (BMC) suspensions were prepared by gently releasing the cells with a pestle and mortar into PBS. The cells were filtered through a polyester filter with 30 μm mesh size (Miltenyi Biotec, Auburn, CA, USA) to remove particulates, washed twice and resuspended to the appropriate concentration in PBS (1 × 10 7 cells/500 μL) for transplantation.
Bone Marrow Cell Transplantation
BM transplantation was performed as previously described. 25 Briefly, donor recipient W/W V mice (Jackson Laboratory, Bar
Harbor, MN, USA) were housed in specific pathogen-free conditions throughout and treated with antibiotics (32 mL Sulfatrim per liter of de-ionized drinking water; Actavis, Baltimore, MD, USA) for 10 days prior and 2 weeks post irradiation. Recipient mice received 9 Gy total body irradiation from a
137
Cs source followed by intravenous infusion of donor BMCs via tail vein injection. All experiments were carried out at 12 weeks post transplantation.
Electrophysiological Experiments
Small intestines were removed after animals were euthanized following sedation with isoflurane and cervical dislocation. Tissues were placed in oxygenated cold (4°C) KRB for further preparation.
After fine dissection of the mucosa and submucosa small preparations (approximately 10 mm 2 ) were pinned, with the luminal side of the circular muscle up, to Sylgard elastomer-coated bases of 35 mm polypropylene dishes (Corning Glass Works, Corning, NY, USA).
Cells were impaled with glass microelectrodes filled with 3 M KCl and having resistances between 80 and 120 MΩ. Transmembrane potentials were measured using a high input impedance amplifier (Axon Instruments/Molecular Devices Corp., Sunnyvale, CA, USA) and outputs displayed on a digital oscilloscope. Electrical signals were digitized using an analog-to-digital converter (Digidata 1300 series; Axon Instruments), recorded and stored on a computer running Axoscope 9.0 software. Electrical recordings were made in the presence of nifedipine (1 μM) to reduce muscle contraction and maintain cellular impalements.
Western Blot Analysis
Total protein was extracted from control and BM recipient small intestine. Protein (30 μg) was subjected to electrophoresis on 10% SDS-polyacrylamide gel (SDS-PAGE), and transferred onto nitrocellulose membranes (Bio-Rad Laboratories, CA, USA). Goat anti-Kit (1:500; R&D Systems, Minneapolis, MN, USA) and rabbit anti-GAPDH (1:2000; Santa Cruz Biotechnology, Santa Cruz, CA, USA) primary antibodies were used. Protein analysis was performed using Quantity One 4.5.1 software (Bio-Rad Laboratories) and Image-J software (NIH, Bethesda, MD, USA) was used to calculate the relative densities of Kit protein compared with housekeeper glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Control experiments were performed in the absence of primary or secondary antibodies.
Immunohistochemistry
Tissues were fixed in paraformaldehyde (4% w/v in 0.1 M PBS for 15 minutes at room temperature). After fixation, the tissues were washed for 24 hours, with multiple changes in PBS (0.01 M, pH 7.2) and blocked for 1 hour at room temperature with bovine serum albumin (1% w/v; Sigma-Aldrich, St. Louis, MO, USA). Tissues were incubated in primary antibodies for 48 hours at 4°C. ICC, mast cells and macrophages were identified with goat polyclonal anti-mouse stem cell factor receptor (2 μg/mL; R&D Systems), rabbit polyclonal anti-synthetic histamine (2 μg/mL; Immunostar, Hudson, WI, USA) and rat monoclonal anti-mouse F4/80 (2 μg/mL; Seroted, Oxford, England), respectively, in 0.01 M PBS containing 0.5% Triton-X 100. Immunoreactivity was detected using Alexa Fluor 594 donkey anti-goat secondary antibody, Alexa Fluor 488 sheep anti-rabbit and Alexa Fluor 488 donkey anti-rat (1:1000 in PBS, 1 hour, room temperature; Invitrogen, Carlsbad, CA, USA).
Before mounting, tissues were thoroughly washed (0.01 M PBS for 16 hours) to remove excess secondary antibody. Control experiments were performed in the absence of primary or secondary antibodies. Mounted specimens were examined using Zeiss LSM510 Meta (Carl Zeiss, Jena, Germany). Confocal micrographs of whole mounts were digital composites of the Z-series of scans of 0.5 μm optical sections. Final images were constructed using LSM image browser (Carl Zeiss) and Image-J software (NIH).
Surface Marker Array of Contraction Coordination
Segments of ileum approximately 3-5 cm in length were pinned in a Sylgard dish containing oxygenated Krebs' solution at room temperature. The preparation was opened along the mesenteric border, pinned as a flat-sheet and the mucosa and submucosa removed by sharp dissection. Surface markers were positioned on the topmost surface in a grid (3 circumferential × 6-9 longitudinal). The tissue was then repinned so that only the oral, anal and middle regions were pinned to allow for greater movement. Longitudinal movement was used instead of circular movement due to the much larger contractions. Circular movements were contaminated by the much stronger longitudinal contractions.
The movements of the preparation were recorded by video (DMK 31AF03; Imaging Source, Charlotte, NC, USA) onto a computer (iMac; Apple Inc., Cupertino, CA, USA), then imported into custom-written software (Volumetry G7mv; written by Grant W. Hennig) where the position of surface markers and edges of the preparation were tracked. Spatio-temporal maps (STMaps) of longitudinal movements were constructed by measuring the distance between pairs on markers in the longitudinal axis, converting the distance to a grayscale value. 26 Linear interpolation between 2 grayscale values was used to fill in spaces between surface markers. The grayscale values were scaled in the following manner to compensate for slight variations in the distances between pairs of markers. The average longitudinal distance between each pair of markers for the duration of the movie was calculated, then a scaling factor calculated so that the average distance equalled 1 mm (e.g., if the average distance between markers was 0.75 mm, a scaling factor of 1.33 was used). The average distance was assigned mid-level gray on the STMap. Movements of pairs of markers closer together (contractionwhiter values), or further apart (elongation -darker values) were scaled using their respective scaling factor. The unit of measurement is Δmm per 1 mm average separation (Δmm/mm).
Solutions and Drugs
The electrophysiological bath chamber was constantly perfused with oxygenated Krebs-Ringer buffer (KRB) of the following composition (mM): NaCl 118.5; KCl 4.5; MgCl 2 1.2; NaHCO 3 23.8; KH 2 PO 4 1.2; dextrose 11.0; and CaCl 2 2.4. The pH of the KRB was 7.3-7.4 when bubbled with 97% O 2 -3% CO 2 at 37 ± 0.5°C. Muscles were left to equilibrate for at least 1 hour prior to impalement. For electrophysiological experiments nifedipine (Sigma; St Louis, MO, USA) was dissolved in ethanol at a stock concentration of 100 μM before being added to the perfusion solution at a final concentration of 1 μM to inhibit contractile activity. It has been previously reported that nifedipine (1 μM) does not affect small intestinal slow wave activity. 27 
Results
Development of Kit + Cells in Bone Marrow Transplanted Intestines
Small intestinal muscles of W/W V mice lack most ICC-MY and fail to develop normal pacemaker activity that drives segmental contractions (Fig. 1) . 27 (Fig. 3) .
We investigated whether BM derived cells with copGFP found in the myenteric plexus region after transplantation were other types of cells of hematopoietic origin commonly found in the tunica muscularis (i.e., mast cells or macrophages) by double labeling with antibodies against histamine or F4/80. 31 Kit + cells within the myenteric plexus region were found to be negative for histamine and F4/80 (Fig. 4) , suggesting that the copGFP + /Kit + cells that develop after BM transplantation are likely to be ICC that fail to develop a fully mature phenotype (Fig. 4) .
Intestinal Electrical Activity Following Bone Marrow Transplantation
Since the goal of these studies was to determine whether functional ICC could develop after BM transplantation, we also characterized the electrical activity of intestinal circular muscle cells from control, non-transplanted W/W V intestines and BM transplanted intestinal muscles. Control muscles displayed resting membrane potentials (RMP) averaging −52.8 ± 1.0 mV and were electrically quiescent ( Fig. 1D and 5 ; n = 4), as previously reported. 27, 28 RMPs of W/W V intestines transplanted with BMCs from Kit +/copGFP mice were significantly more negative, averaging −59.0 ± 0.4 mV (P = 0.001, n = 4). Similarly, mice were also more hyperpolarized, averaging −59.3 ± 1.3mV (P = 0.007, n = 4). Although RMP of transplanted intestines was similar to Kit +/copGFP ( Fig. 1) a half maximum widths of 2.36 ± 0.26 mV (P = 0.002, n = 4) and 2.1 ± 0.28 mV (P = 0.006, n = 4; Fig. 6 ).
Intestinal Mechanical Activity Following Bone Marrow Transplantation
Motility patterns in intestines of W/W V mice were analyzed before and after transplantation of BMCs using STMaps constructed from imaging analysis of surface marker arrays (described in methods) placed on the submucosal surface of in- testinal segments. STMaps of longitudinal movements in wildtype animals (n = 5) showed regular pendular movements in the longitudinal axis along the entire length of the preparation at a frequency of (about 20 cycles/min; Fig. 7A ). Segmental contractions in the circular axis were masked by this longitudinal activity and were not easily resolved. In non-transplanted W/W V mice (n = 5), longitudinal movements of the ileum were detected, but the activity recorded was highly variable. Some regions of the preparation displayed contractile activity, but regions were often quiescent (Fig. 7B) . A bursting pattern of activity was observed in W/W V intestines consisting of abrupt, large amplitude longitudinal contractions lasting about 5 seconds, followed by periods of quiescence (bottom maps in Fig. 7B ), as previously described. 26 Intestines from W/W V mice transplanted with BM cells (n = 6) displayed abnormal patterns of movement similar to the non-transplanted W/W V intestines. Both bursting activity and irregular sites of initiation were observed (Fig. 7C) . There was no consistent propagation of longitudinal contractions as observed in wild type intestinal muscles.
Discussion
ICC perform several essential physiological roles in GI motility and the loss or disruption of ICC networks in patients with a number of diverse motor disorders supports the hypothesis that they provide fundamental regulatory control of GI motility. 35 Kit/stem cell factor (SCF) signaling is essential for the development and maintenance of functional ICC networks. 36 Chemical lesion of the Kit signaling pathway through administration of the neutralizing antibody ACK2 [37] [38] [39] 45, 46 It has been further suggested that summation in the stochastic discharge of unitary potentials leads to the generation of pacemaker potentials resulting in slow wave activity. 33 The development of unitary potential like fluctuations together with Kit + phenotype and location of BM derived cells within the myenteric plexus region suggested that these cells were ICC which lack the ability to send out projections and form a fully functional network.
The results of the present study are in contrast to previous reports 24 as BM transplantation did not appear to have beneficial effects on contraction coordination as examined with surface marker arrays. The failure of BM derived cells to form anastomosing ICC networks at the level of myenteric plexus and the accompanying failure to elicit slow wave pacemaker potentials may be responsible for the observed contractile behavior in BM transplanted preparations. However, it remains unclear if the increase in unitary potential activity described in this study could be responsible for the slight increase in transit time highlighted in a previous study. 24 Also the relative rarity of BM derived ICC incorporation into the deep muscular plexus, where ICC-DMP are present in W/W V mutant mice, may suggest a space limiting factor in the extravasation of BM to the tunica muscularis. Loss of ICC via genetic deficiency or pathological insult of the GI tract might allow for incorporation of ICC, whereas during normal development BM modulation of ICC numbers may not necessarily occur.
The mechanisms of maintenance and turnover of ICC, in vivo, remain controversial, however it is well recognized that ICC display a high degree of plasticity and regenerative capacity. ICC restoration has been observed in a variety of models including chemical lesion, 36, 39 surgical lesion 15, 16 and inflammation. 47 In these studies ICC networks were disrupted following the pathophysiological insult but restoration of functional ICC networks occurred upon removal of the insult. Although ICC possess a degree of plasticity, the mechanism of how they repopulate GI tissues is controversial. It has been shown that ICC undergo a phenotypic change and adopt a smooth muscle phenotype, including expression of thick filaments in response to disruption of the Kit signaling pathway. 10 Others have recently reported that several cell phenotypes including ICC, within the tunica muscularis undergo apoptosis in response to ischemic reperfusion of the small intestine and subsequent proliferation was involved in their recovery. 12 It has also been shown that ICC undergo apoptosis in healthy colon as a natural process to regulate numbers that must continually regenerate to maintain functional networks. 48 Recently a population of presumed ICC progenitor/stem cells has been identified in murine gastric muscles. 
